attenuates the inflammatory response in cardiomyocytes and prevents cardiac dysfunction in pathological hypertrophy.
CARDIAC HYPERTROPHY OCCURS in a wide variety of clinically important conditions, such as hypertension and valvular heart disease, and increases the risk of heart failure (14) . Whereas left ventricular (LV) pressure overload initially induces adaptive hypertrophy (17) , sustained pressure overload eventually results in pathological hypertrophy (4) . Pathological hypertrophy is characterized by multiple pathophysiological features, including fibrosis and cardiac dysfunction (4) . Studies using rapamycin indicate that inhibition of the mammalian target of rapamycin (mTOR) suppresses myocardial hypertrophy induced by mechanical stresses in animal models (36, 48, 50) . However, the role of mTOR in the progression of cardiac dysfunction that accompanies pathological hypertrophy has not been fully defined.
Fibrosis is commonly observed in patients with cardiac hypertrophy and correlates with the severity of LV remodeling (42) . Levels of proinflammatory cytokines, including tumor necrosis factor (TNF)-␣, interleukin (IL)-6, and IL-1␤, increase during heart failure (8); these cytokines are known to accelerate the accumulation of collagen following the inflammatory response (38) . Interestingly, recent reports showed that rapamycin enhances the inflammatory response in immune cells (43) . Since cytokines are generated in cardiomyocytes as well as immune cells (21) , it is likely that cardiac mTOR suppresses cytokine production during the progression of cardiac dysfunction in pathological hypertrophy.
Rapamycin binds to FKBP12 (FK506-binding protein) to form a complex that in turn binds mTOR, thereby inhibiting signaling to p70S6 kinase (p70S6K, S6K1) and eukaryotic initiation factor 4E-binding protein 1 (4EBP1) (3) . mTOR forms two functional complexes, a rapamycin-sensitive mTOR complex (mTORC1), which includes the scaffolding protein raptor, and a rapamycin-insensitive complex (mTORC2) that contains rictor (56) . mTORC1 activates p70S6K, which promotes translation by phosphorylating the ribosomal protein S6. mTORC1 also inhibits 4EBP1 binding to eIF4E (eukaryotic translation initiation factor 4E), further promoting translation (18) . mTORC2 activates Akt through phosphorylation at Ser473 (22) . Several new ATP-competitive inhibitors of mTOR, such as PP242, which inhibits both mTORC1 and mTORC2, have been developed and characterized (10, 23) . By blocking both mTOR complexes, these new inhibitors allow us to assess the role of mTOR more completely.
To explore the role of mTOR expression in cardiac hypertrophy and dysfunction, we examined mTOR levels in hearts from cardiac patients and controls and generated transgenic mice with cardiac-specific overexpression of wild-type mTOR. Intriguingly, our studies demonstrate that overexpression of wild-type mTOR mitigates cardiac dysfunction in response to pressure overload-induced hypertrophy. In addition, the inflammatory response was reduced in the hearts of mTOR-Tg mice compared with controls. We assessed the role of cardiac mTOR in the inflammatory response in a cardiomyocyte cell line by manipulating mTOR activity by overexpression or with mTOR inhibitors.
MATERIALS AND METHODS
Human ventricular myocardial tissue. All human tissue was acquired with approval from the appropriate research ethics board at Massachusetts General Hospital (Boston MA). The investigation conforms with the principles outlined in the Declaration of Helsinki. All personal information related to each heart was de-identified before receipt in the laboratory, in accordance with the Privacy Rule standards of the Health Insurance Portability and Accountability Act. Myocardial tissue was collected from explanted hearts of transplant patients with heart failure [average fractional shortening (%FS), 14.9 Ϯ 2.3%] in nonischemic dilated cardiomyopathy or from donor control hearts, as previously described (30) . Donor control hearts were not transplanted for a variety of reasons, including lack of a suitable recipient, blood transfusion while in the emergency room, and age of donor. Donor hearts were used only if there were no macroscopic, laboratory, or instrumental signs of cardiac disease.
Generation of transgenic mice with cardiac overexpression of wild-type mTOR. Animal experiments in this study were approved by the Institution Animal Care and Use Committee at Beth Israel Deaconess Medical Center, Harvard Medical School (Boston MA). The cDNA encoding hemagglutinin (HA)-tagged wild-type rat mTOR was subcloned downstream of the murine ␣-myosin heavy chain (␣-MHC) promoter (generous gift of Dr. Jeffrey Robbins, Cincinnati Children's Hospital Research Foundation) and used to generate transgenic mice through oocyte injection as performed previously (32) . To genotype, we used the real-time quantitative PCR system. Genomic DNA was reacted with a TaqMan probe using the QuantiFast SYBR green PCR kit (Qiagen, Valencia, CA). Three viable lines (line 4, line 52, and line 53) were generated from independent founders. Line 4 (mTOR-Tg) was backcrossed to C57BL/6 for more than eight generations, and the other lines were backcrossed for three generations. All data for baseline characterization of mTOR-Tg mice were collected from 12-to 14-wk-old male mice. Male wild-type (WT) littermates were used as controls.
Pressure overload inducing cardiac hypertrophy. Mice were subjected to transverse aortic constriction (TAC) as previously described (55) . Male mTOR-Tg mice (12-14 wk old) were anesthetized by intraperitoneal delivery of a mixture of ketamine (80 -100 mg/kg) and xylazine (12 mg/kg). After a thoracotomy was performed, the transverse aortic arch was ligated. On the basis of our previous echocardiographic study results indicating that wild-type mice develop cardiac hypertrophy and dysfunction at 4 wk post-TAC, we examined mTOR-Tg and WT mice at 1 and 4 wk post-TAC. Cardiac function and signaling molecules examined in sham-operated mice were not different from those in nonoperated mice in the baseline study with wild-type male C57BL/6 mice. To confirm whether TAC treatment induces similar levels of pressure overload in both mTOR-Tg and WT mice, we simultaneously measured the pressure gradient between right and left carotid arteries using a Millar catheter as previously described (55) . Nonoperated mTOR-Tg or WT mice were used as controls in the TAC study.
Echocardiography. Echocardiography was performed on nonanesthetized mice using a high-frequency (10 MHz) linear transducer (13 L, VingMed 5; GE Medical Services, Milwaukee, WI). M-mode images used for measurements were taken at the papillary muscle level (32) . We measured LV diastolic dimension, LV systolic dimension, and %FS.
Quantitative RT-PCR. Accumulation of PCR product was monitored in real time, and the crossing threshold (Ct) was determined with 7300ABI (Applied Biosystems, Foster City, CA). Relative change in gene expression was determined using the ⌬⌬Ct method with normalization to GAPDH. Quantitative RT-PCR (QRT-PCR) were performed with the following sets of primers: forward 5=-TGTTCCGAC-GAATCTCAAAGC and reverse 5=-TCATATGTTCCTGGCACAGCC for human mTOR, forward 5=-GCAAATTCCATGGCACCGT and reverse 5=-TCGCCCCACTTGATTTTGG for human GAPDH, forward 5=-GTGAAAAGTGGACTCTGGTTAATGAC and reverse 5=-CAT-CGTGAGTATCCCGAGGAAT for rat mTOR, forward 5=-AGA-AGGAGTGGCTAAGGACCAA and reverse 5=-GCATAACGCAC-TAGGTTTGCC for mouse IL-6, forward 5=-CCTTCCAGGATGAG-GACATGAG and reverse 5=-CGTCACACACCAGCAGGTTATC for mouse IL-1␤, and forward 5=-TGGTGAAGCAGGCATCTGAG and reverse 5=-TGCTGTTGAAGTCGCAGGAG for mouse GAPDH. TaqMan probes for mouse atrial natriuretic factor (ANF) and mouse connective tissue growth factor (CTGF) were purchased from Applied Biosystems.
Histological assays of cardiac tissue from TAC-treated transgenic mice. Midventricle short-axis heart sections (5 m) from male WT and mTOR-Tg mice were fixed in 4% paraformaldehyde. To identify macrophages, we immunostained sections with anti-Mac-2 monoclonal antibody (Cedarlane Lab, Hornby, ON, Canada). Signals were enhanced with the ABC kit (Vector Laboratories, Burlingame, CA). To visualize fibrotic tissue, we stained the sections with Masson's trichrome. To objectively quantify the amount of tissue fibrosis, we developed a prespecified, genotype-blinded image selection method. Images selected for analysis from each section at the midpapillary muscle level contained the largest amount of fibrosis. Percent fibrosis was determined using ImageJ to quantify blue (fibrotic) vs. non-blue (nonfibrotic) pixels. The results are presented as percent change in fibrosis per image area (not whole heart) from WT sham.
Cardiomyocyte isolation. LV cardiomyocytes were isolated using a perfused-heart method, as described previously (32) . Images were captured digitally using the Leica Application Suite. ImageJ was used to trace individual cells and calculate their surface areas.
Terminal deoxynucleotidyl transferase dUTP nick-end label staining. Terminal deoxynucleotidyl transferase dUTP nick-end label (TUNEL) staining was performed with Apoptag (Millipore) according to the manufacturer's instructions, as described previously (34) . More than 2,000 nuclei were counted in each heart from each group (n ϭ 4 for each week 1 group; n ϭ 3 for each week 4 group). In total, over 6,000 nuclei were evaluated in each group.
Cell culture and transfection. The HL-1 cardiomyocyte cell line was a generous gift from Dr William Claycomb (Louisiana State University Medical Center, New Orleans, LA). The cells were cultured and transfected as described previously (6) . HL-1 cells were transfected with either wild-type mTOR vector or backbone pcDNA1.0 vector (mock) using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. One day before transfection, 1.0 ϫ 10 6 HL-1 cells were transferred into each well of a six-well plate containing 2 ml of supplemented Claycomb medium. The next day, HL-1 cells were transfected with 10 g/well mTOR or control DNA vector using Lipofectamine2000. Two days after the transfection, the HL-1 cells were treated with 50 nM rapamycin (Cell Signaling, Danvers, MA) or 0.4 M PP242 (Sigma) 30 min before stimulation with 1 g/ml Escherichia coli LPS (Sigma). On the basis of our preliminary data, treated cells were harvested 5 h after LPS stimulation for luciferase assay. In separate experiments, the supernatants were collected 24 h after LPS stimulation for measurement of cytokine production. In the experiment for mTOR signaling pathway, cells were starved overnight and then pretreated with rapamycin (50 nM) or PP242 (0.4 M) for 1 h before LPS stimulation.
Western blotting. After animals were deeply anesthetized, hearts and other tissues were removed, snap frozen, and crushed in liquid nitrogen. The tissue was homogenized in cold lysis buffer [20 mM Tris·HCl (pH 7.6), 150 mM NaCl, 1% Triton X-100, 2 mM EGTA, 1 mM PMSF, 1 mM DTT, 1 mM sodium orthovanadate, 1 g/ml leupeptin, and 1 g/ml aprotinin]. For whole cell lysates of the HL-1 cells, cultured cells were collected with the cold lysis buffer. Western blotting was performed as described previously (33) . Primary antibodies to HA (12CA5; Roche, Indianapolis, IN), GAPDH (Cell Signaling), S6 (Cell Signaling), phospho-S6 (Ser235/236; Cell Signaling), 4EBP1 (Cell Signaling), phospho-4EBP1 (Thr37/46; Cell Signaling), Akt (Cell Signaling), phospho-Akt (Ser473; Cell Signaling), and mTOR (Cell Signaling) were used for immunoblotting.
Determination of secreted cytokines in HL-1 cells. Levels of IL-6, TNF-␣, and IL-1␤ were measured simultaneously using multiplexed cytokine assays (Meso Scale Discovery, Gaithersburg, MD) according to the manufacturer's protocol. The standard curves established from curve-fitting models exhibited low variability and a dynamic range between 3 and 5 logs (44) .
Luciferase assay. HL-1 cells were cotransfected with a pGL4.32-[luc2P/NF-B-RE/Hygro] vector (Promega, Madison, WI), a Renilla pGL4.75[hRluc/CMV] vector (Promega), and a wild-type mTOR plasmid (or mock vector). Two days after the transfection, cells were pretreated with either control medium or an mTOR inhibitor for 30 min before 5-h incubation with LPS. NF-B luciferase activity was measured using the Dual-Glo luciferase assay system (Promega) (27) .
Statistical analysis. Data are means Ϯ SE. Group differences were analyzed using the two-tailed Student's t-test. For multiple comparisons, a one-or two-way ANOVA post hoc test was used. For all analyses, P values Ͻ0.05 were considered significant.
RESULTS

Changes in cardiac mTOR expression in human heart
failure. Tissue derived from the hearts of five heart failure patients and five donors was subjected to Western blotting (Fig. 1A) . The two groups were matched for sex (1 male and 4 females in each group) and age (54.4 Ϯ 6.0 vs. 54.2 Ϯ 7.4 yr, heart failure vs. donor). Immunoblotting demonstrated that the mTOR protein level in hearts from heart failure patients was about 60% higher than in hearts from donor controls (P Ͻ 0.05), whereas levels of GAPDH protein were comparable (Fig. 1A) . Quantification by QRT-PCR revealed that cardiac mTOR mRNA levels were also elevated: they were about 90% higher in heart failure patients than donor controls (P Ͻ 0.05, Fig. 1B ). These results indicate that cardiac mTOR expression increases at protein and mRNA levels during heart failure.
Generating transgenic mice with cardiac overexpression of wild-type mTOR. To examine the functional consequences of increased mTOR expression in the heart, we generated transgenic mice with cardiac-specific overexpression of wild-type mTOR driven by the murine ␣-MHC promoter, as described previously (32) . Three lines were produced, and all demonstrated stable Mendelian inheritance and normal life span (over 12 mo). Immunoblotting with an antibody against the incorporated HA epitope demonstrated the presence of the transgene mTOR-HA in all three lines ( Fig. 2A) . The mTOR expression level in hearts from each line of transgenic mice was over threefold higher than that in WT hearts (P Ͻ 0.05, Fig. 2A ). Line 4 (mTOR-Tg), which showed moderate transgene expression, was used for detailed baseline characterization and for the TAC experiments. Anti-HA blotting demonstrated cardiacspecific transgene expression in mTOR-Tg (Fig. 2B) . At baseline, heart weight and body weight were not different in mTOR-Tg mice compared with WT mice (Table 1 and Fig.  2C ). Morphological analysis of isolated cardiomyocytes showed no difference in cardiomyocyte surface area between mTOR-Tg and WT (Fig. 2D) . Echocardiography found no difference in systolic function between mTOR-Tg and WT mice (Table 1) . Thus chronic elevated expression of wild-type mTOR does not modify heart or cardiomyocyte size in mTOR-Tg mice and does not affect cardiac function at baseline.
mTOR overexpression in transgenic mice protects against the development of pathological cardiac hypertrophy. To investigate the effect of elevated cardiac mTOR expression on the development of pathological hypertrophy, we subjected mTOR-Tg and WT mice to TAC. The TAC-induced pressure gradient between right and left carotid arteries was not significantly different between WT and mTOR-Tg mice (57.8 Ϯ 11.3 vs. 53.1 Ϯ 6.6 mmHg, respectively). Four weeks after TAC, echocardiography demonstrated substantially reduced cardiac function in WT mice compared with age-matched nonoperated WT mice (Fig. 3A) . In WT mice, TAC treatment also increased heart weight and lung weight (Fig. 3B) . Ventricular ANF expression increased dramatically in TAC-operated WT mice compared with age-matched nonoperated WT (Fig. 3C ). These measures demonstrate that the WT mice subjected to TAC exhibited pathological hypertrophy and cardiac dysfunction. In contrast, mTOR-Tg mice exposed to TAC exhibited little indication of cardiac dysfunction, less LV dilation (Fig. 3A) , less cardiac hypertrophy, and less lung congestion (Fig. 3B ) than TAC-operated WT. In addition, TAC induced a significantly smaller increase in ANF expression in mTOR-Tg than in WT mice (Fig. 3C) . Together, these data indicate that chronic overexpression of cardiac mTOR can mitigate pathological hypertrophy and prevent cardiac dysfunction induced by TAC. Expression of mTOR protein and mTOR signaling pathway in pathological hypertrophy. In addition to elevated mTOR expression, phosphorylation levels of S6 and Akt were greater in nonoperated mTOR-Tg mice than in nonoperated WT mice, suggesting that overexpression of wild-type mTOR induces functional activation of both mTORC1 and mTORC2 at baseline (Fig. 4A) . As predicted based on our results in cardiac tissue from patients with heart failure (Fig. 1A) , TAC increased mTOR protein expression in WT mice. mTOR protein levels in WT mice following TAC were similar to the baseline mTOR protein level in mTOR-Tg mice (Fig. 4, A and B) . Intriguingly, mTOR protein levels in the mTOR-Tg mice also increased significantly above baseline following TAC (Fig. 4, A and B) . Western blotting with anti-HA showed that expression of the transgenic mTOR after TAC increased similarly to total mTOR (2.3 Ϯ 0.2-fold change over pre-TAC level, P Ͻ 0.01, Fig. 4,  A and B) . Since the transgene in the mTOR-Tg mice is of rat mTOR origin, we used primers specific to the rat mTOR sequence to distinguish the transgene mRNA from endogenous mouse mTOR mRNA. As expected, QRT-PCR using the rat-specific primers did not detect endogenous mTOR mRNA in WT mice. In mTOR-Tg mice, we detected rat mTOR at baseline and saw no change in its expression following TAC (Fig. 4C) . These data imply that in heart failure and cardiac hypertrophy, mTOR protein levels may be controlled by posttranslational modification as well as changes in mTOR mRNA level.
Interestingly, although there was a trend toward increased phosphorylation of the mTORC1 substrates S6 and 4EBP1 and the mTORC2 substrates Akt in WT mice, TAC did not affect the already elevated phosphorylation levels of 4EBP1 and Akt in mTOR-Tg mice at 4 wk after TAC (Fig. 4A) . Phosphorylation of S6 in mTOR-Tg was decreased at 4 wk post-TAC (Fig. 4A) .
Interstitial fibrosis and inflammatory response in mTOR-Tg mice after pressure overload. Apoptosis is an important pathophysiological feature of heart failure during cardiac hypertrophy. Despite that connection, we did not observe any significant difference between WT and mTOR-Tg mice in the percentage of apoptotic cells at either 1 or 4 wk post-TAC (Fig. 5D) . Fibrosis is another pathophysiological feature frequently seen in pathological hypertrophy and is critical to the pathogenesis of heart failure. We investigated the extent of interstitial fibrosis in mTOR-Tg vs. WT mice after TAC.
Masson's trichrome staining demonstrated that interstitial fibrosis was about 60% lower in mTOR-Tg mice compared with WT mice at 4 wk post-TAC, although whereas no significant difference between the two groups was observed at 1 wk post-TAC (Fig. 5A) . CTGF, a key mediator in deposition of extracellular matrix, is upregulated by several proteins, including transforming growth factor-␤1 and angiotensin II, in cardiac hypertrophy (35) . TAC treatment increased CTGF mRNA Values are means Ϯ SE; n ϭ 8 wild-type littermates (WT) and n ϭ 11 transgenic mice with cardiac-specific overexpression of wild-type mTOR (mTOR-Tg). Values are means Ϯ SE; n ϭ 3 in each group. Data were normalized to the mean value of mTOR protein expression in WT. B: cardiac-specific expression of HA-tagged mTOR in mTOR-Tg mice. Samples (40 g) of whole cell lysates from various organs in 13-wk-old male mTOR-Tg mice were separated by SDS-PAGE and immunoblotted with antibodies to HA and mTOR. SM, skeletal muscle. This immunoblot is representative of 3 independent experiments. C: gross view of representative hearts from 13-wk-old male WT and mTOR-Tg mice. D: isolated cardiomyocytes. Ventricular cardiomyocytes were isolated from 12-to 14-wk-old male mTOR-Tg and WT mouse hearts. Top, representative cardiomyocytes from each group; bottom, quantification of cell surface area. The surface areas of over 300 cells from 3 individual mice in each group were measured using ImageJ, and the size distributions were plotted, showing no significant difference in size. levels to a similar level in WT and mTOR-Tg mice at 1 wk post-TAC. However, at 4 wk post-TAC, the level of CTGF expression in WT mice was more than threefold greater than that in mTOR-Tg mice (Fig. 5B) . These findings suggest that a trigger of fibrosis such as inflammation might be more persistent or stronger in WT mice than in mTOR-Tg mice after 1 wk post-TAC. The proinflammatory cytokine IL-6 is known as a strong prognostic predictor in patients with heart failure (24). IL-1␤ plays an important role in the extension of the fibrotic scar during the progression to heart failure in cardiac hypertrophy (47) . Expression of IL-6 and IL-1␤ in WT mice at 1 wk post-TAC was significantly higher than in nonoperated controls and WT mice at 4 wk post-TAC. In contrast, the expression levels of IL-6 and IL-1␤ in mTOR-Tg mice were not significantly different between control, 1 wk post-TAC, and 4 wk post-TAC (Fig. 5B ). In addition, the level of IL-6 and IL-1␤ expression in WT mice at 1 wk post-TAC was significantly higher than that in mTOR-Tg mice at 1 wk post-TAC (Fig. 5B) . These cytokine data indicated a significant inflammatory reaction at 1 wk post-TAC; therefore, we investigated macrophage accumulation at that time. Histological assay demonstrated that the number of accumulated macrophages in post-TAC WT mice was significantly greater than that in post-TAC mTOR-Tg mice (Fig. 5C ). These data suggest that mTOR overexpression suppresses inflammation, a potential trigger of cardiac fibrosis.
mTOR signaling in mTOR-overexpressed HL-1 cells. To further characterize the role of cardiac mTOR in the inflammatory response, we used cardiomyocytes of the HL-1 cell line. Immunoblotting confirmed that HL-1 cells transfected with mTOR overexpress mTOR (P Ͻ 0.05, Fig. 6, A and B) . Overexpression of mTOR significantly enhanced phosphorylation of both S6 and Akt (Fig. 6, A and B) , suggesting that increased mTOR expression activates both mTORC1 and mTORC2. The selective ATP-competitive mTORC inhibitor PP242 has been shown to suppress both mTORC1 and mTORC2 (10) . In mTOR-transfected HL-1 cells, treatment with PP242 substantially inhibited both mTORC1 and mTORC2, as demonstrated by suppression of S6 and Akt phosphorylation (phospho-S6, Ϫ83.5%, P Ͻ 0.001; phospho-Akt, Ϫ76%, P Ͻ 0.001) (Fig. 6, A and B) . In contrast, rapamycin suppressed S6 phosphorylation but had no effect on Akt phosphorylation in mTOR-transfected HL-1 cells (Fig. 6, A and B) , confirming that rapamycin is an mTORC1-specific inhibitor under these conditions. mTOR overexpression suppresses cytokine release and inhibits NF-B activity in cardiomyocytes in vitro. Toll-like receptor 4 (TLR4) regulates secretion of TNF-␣, IL-6, and IL-1␤ in the heart (52). Treatment with LPS, which activates TLR4, significantly enhanced secretion of proinflammatory cytokines IL-6 (4.2-fold, P Ͻ 0.01), TNF-␣ (12.8-fold, P Ͻ 0.01), and IL-1␤ (2.1-fold, P Ͻ 0.01) from cardiomyocytes of the HL-1 cell line (Fig. 7, A and B) . mTOR overexpression substantially suppressed IL-6 (P Ͻ 0.001) and TNF-␣ (P Ͻ 0.01) secretion in LPS-stimulated cells (Fig. 7B ). PP242 and rapamycin abolished the ability of mTOR overexpression to inhibit LPS-induced cytokine secretion of IL-6 and TNF-␣ (Fig. 7B) . LPS induction of IL-1␤ secretion was not inhibited by mTOR overexpression; however, PP242 and rapamycin significantly increased IL-1␤ secretion in mTOR-transfected cells following LPS stimulation (Fig. 7, A and B) . The data strongly suggest that mTOR inhibits the inflammatory response triggered by LPS in cardiomyocytes, particularly with respect to IL-6.
To explore the mechanism by which mTOR regulates cytokines secretion, we assayed the activity of NF-B, a major regulator of IL-6, TNF-␣ and IL-1␤ in the proinflammatory response (Fig. 8) . Using a luciferase assay on cells cotransfected with NF-B-regulated luciferase expression vector, we found that LPS stimulation significantly increased NF-Bmediated luciferase activity in cardiomyocytes (7.6 Ϯ 0.5-fold change over control, P Ͻ 0.001, Fig. 8) . mTOR overexpression reduced the NF-B-mediated luciferase activity in LPS-stimulated cells by 36% compared with mock transfection (P Ͻ 0.01, Fig. 8 ) . Both PP242 and rapamycin abolished this effect of mTOR overexpression (P Ͻ 0.01, Fig. 8 ).
DISCUSSION
Our data show that cardiac mTOR expression is increased in human heart failure and in a mouse model of pathological hypertrophy generated by LV pressure overload (TAC). We also have demonstrated that cardiac-specific mTOR overexpression reduces the adverse effects of TAC on cardiac morphology and function, including cardiac hypertrophy, LV dilatation, cardiac dysfunction, interstitial fibrosis, and inflammation. Our in vitro findings using HL-1 cardiomyocytes show that mTOR can reduce cytokine secretion and suggest that cardiac mTOR suppresses the inflammatory response induced by LPS, at least in part, by modulating NF-B activity.
Previous studies have suggested that cardiac hypertrophy is inhibited by rapamycin (36, 48, 50) , suggesting a role for mTOR. A recent study showing that deletion of cardiac mTOR accelerates progression of heart failure in TAC-induced cardiac hypertrophy (58) implies that cardiac mTOR plays an important role in cardioprotection against heart failure during pathological hypertrophy. However, there has been little investigation of mTOR's role in fibrosis and inflammation, important pathogenetic phenomena associated with pathological hypertrophy and cardiac dysfunction. Our observation that expression of cardiac mTOR was elevated in explanted human hearts from transplant patients with heart failure and in mice with pathological hypertrophy suggested that it plays a role in either the pathogenesis of heart failure or the adaptive response to heart failure. To address whether increased mTOR expression is an adaptive or maladaptive response, we generated transgenic mice with cardiac-specific overexpression of wild-type mTOR (mTOR-Tg) and subjected them to TAC-induced pressure overload. Intriguingly, mTOR overexpression protected the heart against pressure overload-induced cardiac dysfunction and reduced the degree of interstitial fibrosis at 4 wk post-TAC in mTOR-Tg mice compared with WT mice. In addition, CTGF mRNA levels were significantly lower in mTOR-Tg mice than in WT mice at the 4 wk post-TAC, consistent with previous reports that CTGF expression in cardiac fibroblasts and cardiomyocytes promotes expression of collagen and other extracellular matrix proteins involved in fibrosis (5, 26) .
Inflammation followed by fibrosis is a key feature in the pathogenesis of pathological hypertrophy (54) . Previous reports using animal models demonstrated that increased proinflammatory cytokine expression plays an important role in the pathogenesis of heart failure with pathological hypertrophy (47) . The mechanisms that trigger inflammation in human heart failure and animal models of heart failure, including TAC, are multifactorial and have not been clearly established (2) . However, reactive oxygen species (ROS) are generated at high levels in TAC-induced cardiac hypertrophy (51, 59) , and ROS level seem to be tightly associated with the inflammatory response during the progression of heart failure (25) . Although the effects of proinflammatory cytokines, including IL-6, TNF-␣, and IL-1␤, are complex (20) , prolonged secretion and excessive levels of cytokines are known to be key features in the pathogenesis of heart failure (9). The significant increase in IL-6 and IL-1␤ we observed in WT mice after pressure overload was limited in mTOR-Tg mice, resulting in the infiltration of fewer macrophages in mTOR-Tg mice compared with WT at 1 wk post-TAC. This suggests that cardiac mTOR exerts an inhibitory pressure on cytokine production or secretion, consistent with recent reports showing that rapamycin enhances the inflammatory response in immune cells (43) . Inhibition of mTOR by rapamycin has been shown to promote production of proinflammatory cytokines via the transcription factor NF-B in immune cells (53) . In mice systemically injected with LPS, rapamycin treatment increases mortality and is accompanied by an increase in serum IL-1␤ levels (45) . Since cytokines are generated in cardiomyocytes as well as immune cells (21), it is likely that activated mTOR signaling in mTOR-Tg mouse heart suppresses the increase in IL-6 and IL-1␤ observed at 1 wk post-TAC in WT mice. In our in vitro experiments using HL-1 cardiomyocytes, LPS increased secretion of IL-6, IL-1␤, and TNF-␣, which was partially blocked by overexpression of mTOR. Experiments with rapamycin and PP242 showed that mTORC1 was predominantly responsible for this decrease in LPS-induced cytokine secretion. Rapamycin and PP242 were also equally effective in reversing the effect of mTOR overexpression on LPS-induced NF-B activation in HL-1 cardiomyocytes, again implicating mTORC1. These findings are consistent with a previous report that mTOR activation due to mTOR overexpression reduces NF-B activation in endothelial cells (40) . NF-B is an important transcription factor in the TLR4-mediated signaling pathway in immune cells (39) and cardiomyocytes (12) . ROS, which are generated in the TAC model of heart failure (51, 59), mediate TLR4-dependent activation of NF-B (1). Our findings suggest that mTOR plays a key regulatory role in NF-B signaling in TLR-induced cytokine release in cardiomyocytes. Other tran- scriptional regulators important in TLR4 signaling, such as AP-1 (16), might also contribute to LPS-induced cytokine regulation in cardiomyocytes; however, we did not examine these in the current study.
IL-6 generation was suppressed by mTOR activation in our in vivo and in vitro studies. In contrast, LPS-induced IL-1␤ secretion in HL-1 cardiomyocytes was not inhibited by mTOR activation, although it was upregulated by mTOR inhibitors. Thus mTOR activation in cardiomyocytes predominantly affects IL-6 generation rather than IL-1␤ generation. A previous report demonstrated that most of the IL-1␤ immunoreactivity during cardiac hypertrophy is localized to endothelial cells and interstitial macrophages rather than to the myocardium (47) . IL-6 is produced in response to IL-1 (41) and promotes inflammation in the heart by recruiting leukocytes to cardiomyocytes (57) . Thus the inhibitory effect of cardiac mTOR on IL-6 generation might be sufficient to suppress the subsequent inflammatory response, including that mediated by IL-1␤ generation from other cells in the heart. A critical role for IL-6 in hypertrophy and heart failure is supported by previous reports showing that IL-6 contributes to cardiomyocyte hypertrophy and fibroblast proliferation in animal models (7, 13) and that IL-6 is a strong prognostic predictor in patients with heart failure (11) . Together, these data suggest that controlling IL-6 generation might be a key factor in the cardioprotective effect of mTOR.
In the current study, mTOR-Tg mice did not show cardiac hypertrophy at baseline despite significant activation of downstream molecules in both the mTORC1 and mTORC2 pathways. In previous studies, transgenic mice with cardiac-specific overexpression of constitutively active mTOR also displayed normal heart size (46) . Rapamycin treatment suppressed myocardial hypertrophy induced by LV pressure overload, accompanied by inhibition of S6K1 activity (48) . However, rapamycin treatment did not affect cardiomyocyte size at baseline (48) . Knockout mouse models demonstrated that S6 kinases alone are not essential for the development of cardiac hypertrophy (37) . These findings suggest that mTORC1 is not sufficient to induce cardiac hypertrophy. In our mTOR-Tg mice, Akt phosphorylation was also increased at baseline, suggesting that mTORC2 was activated. Using transgenic mouse models, we and others have reported that Akt activation induces cardiac hypertrophy (32, 49) . Unlike the animals in these previous studies, our mTOR-Tg mice showed activation of both mTORC1 and mTORC2. mTORC1 pathways generate feedback on upstream molecules, such as insulin receptor substrate (IRS)-1 (19) . These feedback loops might contribute to maintaining normal heart size in the mTOR-Tg mice. Further work is necessary to define the mechanisms underlying these signaling pathways in cardiac hypertrophy and understand how they interact. mTOR mRNA and protein levels were elevated in patients with advanced heart failure. Accelerated transcription of cardiac mTOR or enhanced mTOR mRNA stability could account in part for the increase in mTOR expression in heart failure. At present, we have no data to provide insight into the mechanism underlying this increase in mTOR expression gene. One possible contributor is thyroid hormone, which activates cardiac mTOR accompanied with an increase in mTOR expression (28, 29) . Thyroid hormone has been shown to prevent cardiac dysfunction in animal models of heart failure and has some protective effects in clinical trials (15) . However, based on the literature, heart failure appears to be associated with decreased thyroid hormone activity, so it seems unlikely that thyroid hormone is responsible for the elevated mTOR expression we observed in clinical samples and in our animal model for heart failure. Posttranslational modification of mTOR may also be involved in the control of mTOR expression in the heart. In the current study, we observed an increase in mTOR-HA transgene level in post-TAC mTOR-Tg mice. The increase in transgene protein was not accompanied by any significant change in the mRNA level, suggesting that stability of the mTOR protein plays an important role in regulation of mTOR function in the heart. In other tissues, the protein FBXW7 (F-box and WD repeat domain-containing 7) has been shown to regulate mTOR protein stability (31) . A similar mechanism might increase mTOR in the heart. Further experiments are required to explore the mechanism underlying increased mTOR expression in the heart.
In summary, we found that endogenous mTOR expression was elevated significantly in patients with advanced heart failure and in mice with pathological hypertrophy and cardiac dysfunction. Although chronic mTOR activation did not modify heart size or affect cardiac function at baseline, it inhibited the progression of cardiac dysfunction in pathological hypertrophy, in addition to reducing interstitial fibrosis. Our data suggest that the anti-inflammatory effect of mTOR activation may preserve cardiac function by controlling collagen generation and attenuating fibrosis. Improved understanding of mTOR's cardioprotective mechanism may have important implications not only in cardiac hypertrophy but also in other heart diseases such as myocardial infarction.
